The motional Stark effect (MSE) polarimeter measures the local magnetic field pitch angle, proportional to the ratio of the poloidal to toroidal magnetic fields, in the Tokamak Fusion Test Reactor (TFTR). We have used the polarimeter to measure the temporal evolution of the local value of the magnetic field pitch angle during large changes in the current profde such as during a current ramp or discharge initiation. The measured evolution is compared to the evolution predicted by classical and neoclassical resistivity models. The neoclassical resistivity model is a better predictor of the local pitch angle temporal evolution than the classical model.
I. Introduction
Determination of the correct model of plasma resistivity is crucial for understanding current tokamak discharges and for the design of future tokamak devices such as ITER. In this work, two models are considered. Classical or Spitzer resistivity1 is predicted for a plasma embedded in a uniform magnetic field. Neoclassical resistivity273 extends classical theory to include electron trapping corrections in an axisymmetric toroidal plasma. These trapping corrections imply the existence of the bootstrap current? a phenomenon where the plasma generates a portion of its own toroidal current by diffusion of trapped electrons parallel to the magnetic field. Fine control of the bootstrap current profile is assumed in the design of advanced tokamaks and other steady-state devices and reactors?
Resistivity measurements at many tokamaks and other plasma devices have been summarized by Zarnstorff et 01.6 and by Kaye et aZ.7 The results have been mixed.
Broadly, better agreement with classical resistivity has been found for small-and medium- Reactor (TFTR),lo the surface voltage calculated using neoclassical resistivity was in much better agreement with experimental measurements in Ohmic plasmas over a wide range of plasma conditions than was the classical calculation.6 Neoclassical resistivity was also consistent with recent measurements on Tore Supra.11
In this paper, the results of a series of experiments on TFTR are presented where large changes were induced in the current-density profile by a decrease in the total plasma current (a current "ramp down") or during the "start up" phase of a discharge when the current is penetrating to the center of the plasma. The main experimental result is the timeresolved measurement of the magnetic field pitch profile, % = arctan(Bpo~/Bt,,), where Bpoz and Btor are the poloidal and toroidal magnetic fields, respectively.
The pitch angle is measured by the motional Stark effect (MSE) diagnostic from the polarized emission of neutral-beam atoms in the strong magnetic field of the t 0 k a m a k .~~9~~
Several improvements in diagnostic techniques allow a unique set of data to be brought to bear on the resistivity question. When most of these measurements were made, the MSE diagnostic on TFTR consisted of a ten channel device with sightlines between major radii, R, of 2.51 to 3.45 m. The MSE coverage was from inside the magnetic axis to the outer edge of the plasma. The diagnostic measures local pitch information across the minor radius of the plasma and so is an internal measurement.14 Previous analysis of plasmas from TFTR6 and other devices concentrated on Ohmic discharges to test the resistivity models against global measurements of the plasma surface voltage. Experiments on PBX-M7 used a moveable, single-point MSE diagnostic to compile a pitch-angle profile, at a single time, during a sequence of Ohmic or neutral-beam-heated discharges. In the experiments presented here, the internal pitch-angle profile was measured continuously for 2 seconds in low-power, neutral-beam-heated plasmas. Internal measurements have also been made recently on DIII-D and TEXT-Upgrade. Neoclassical resistivity was inferred from equilibrium reconstructions based on MSE measurements on DIII-D. 15 Classical resistivity has been inferred from equilibrium reconstructions using far-infrared polarimetry measurements on TEXT-Upgrade. 16 The design of the experiments is presented in section 11. The temporal evolution of the pitch angles during and after a current ramp down is compared with the models in section III. Measurements of current penetration during discharge start up are presented in section IV and compared to model predictions.
Experimental Design
The discharge start up and current ramp down experiments were performed immediately after the multichannel MSE diagnostic was installed on TFTR. The absolute calibration of the instrument, at that time, was uncertain. Since then, techniques have been developed to decrease the uncertainty in the absolute calibration.17718 One consequence of calibration uncertainty is that equilibrium codes are not able to reconstruct either the q or current-density profile with confidence for the measurements presented in this paper. Due to the uncertainty in the value of the measured profile, plasma conditions were designed which would cause large relative changes in the pitch angle profiles, such as current ramps and during discharge start up. The uncertainty in the relative change at each local point is small, being determined almost solely by statistical noise. Therefore, the results of this paper do not depend on the absolute calibration of the MSE diagnostic.
The measured pitch-angle evolution for each experiment is compared with the predictions of a fully time-dependent code, TRANSP.19 Measured density profiles from a ten-channel far-infrared polarimeter,20 electron temperature profiles from an electron cyclotron emission (ECE) radiometer,21 and the central or profile22 Zeg are used to determine self-consis tently the kinetic pressure profile and the magnetically measured shape and location of the outermost flux surface. The fast-ion pressure due to neutral beam injection is modeled using a Monte Carlo technique.23 TRANSP numerically solves the poloidal diffusion equation in toroidal coordinates and calculates the poloidal flux as a function of time. The precise form of the poloidal diffusion equation, and of the classical and neoclassical resistivities used by TRANSP, are given in reference 6 , whose notation is followed in this paper. TRANSP may employ either classical, neoclassical, or alternative resistivity models in its calculation. TRANSP may also use a sawtooth model based on the Kadomtsev current mixing model. Results using the Kadomtsev model show no substantial differences from the neoclassical model predictions and will not be discussed in this paper.
Current Ramp Down
Large, rapid changes of the plasma current while keeping the plasma major radius constant cause large changes in the pitch angles which increase the sensitivity of the simulations to the resistivity model employed. Parameters from such a discharge are The MSE measurement can be polluted by large radial electric fields, E,, in the plasma.% The MSE data may be corrected by computing E, from the radial force balance equation using a post-processor to TRANSP, calculating the correction, and then applying it to the data. The correction is a offset to the data that changes in time and radius. The calculated correction for these experiments is small but improves the match between the measurements and predictions significantly. Data presented in this paper includes the effects of E, and represents a change of -0.15" in figures 2(a) and 2(c) from the beginning of the discharge to the end, no change in figure 6, and changes of about +0.12" in figures 7(a) and 7(c).
For each MSE sightline, the neoclassical model reproduces the data better than the classical resistivity model. The neoclassical predictions, however, are not within the uncertainty of the measurements. For R 5 2.83 m, the classical model predicts a smaller change in pitch angle than actually measured so that the predicted pitch angle may be larger than measured by up to +0.6" [figure 2(b)]. The neoclassical predictions are a factor of 2 closer to the measured data than the classical prediction, but may still be up to +0.2" too large. For R 2 2.92 m, the classical model predicts either that the pitch angle stops evolving after the current ramp ends (2.92 m I R I 3.00 m) [figure 2(d)], or a smaller change than measured (R 2 3.00 m). For R 2 3.00 m, the classical prediction may be as much as 1.0" larger than measured while the neoclassical prediction may be as much as 0.3" larger.
The effective charge of the plasma, Zefi is an important parameter in determining the resistivity evolution. Two different assumptions about the radial structure of &#have been used in analyzing TFTR discharges. The first assumption is that the value of Zeff is constant across the diameter of the plasma and is derived from a single radial measurement of the visible bremsstrahlung emissivity22 The second assumption is that Ze# has radial structure inferred from the visible bremsstrahlung emissivity measured by a tangentially viewing array of detectors normalized to the single-channel radial measurement. The inferred Zeflprofile for the discharge shown in figs. 1 and 2 is shown in fig. 3(a) . The value of Zepnear the edges is slightly higher, and the central value slightly lower, than the constant-&= assumption. The inferred resistivity profile, fig. 3(b) , and calculated q profile, fig. 3(c) , from the neoclassical model change only slightly when using radially varying Zefpompared to the constant Zeifresult. The classical resistivity is much different than either of the neoclassical calculations. Inclusion of a radially varying Zeff makes a small correction to the calculated pitch angle evolution for both resistivity models and is used for all model predictions used in this paper.
The simulations also calculate the q profile, fig. 3(c) , under the various resistivity assumptions. The neoclassical simulation predicts that q(O), the central safety factor, is about 0.7, which is much more realistic than the classical prediction of 1.3. The neoclassical pitch angle profile is also closer to the profile predicted by the equilibrium code2 VMEC which solves the MHD force-balance equation constrained by external magnetics, internal kinetic, and MSE data. The VMEC equilibria find that q(0) = 0.8.
Because the MSE data is not absolutely calibrated, complete reliance on the equilibrium code results is not warranted. However, the results are indicative of the true equilibrium and are supporting evidence for the preference of the neoclassical model to describe this discharge.
As well as uncertainty in the measurements, there is uncertainty in the model predictions. These are the result of uncertainties in the experimental data used by TRANSP to determine the resistivity and consequently, the poloidal field and magnetic field pitch angle.
To quantify these errors, a series of 30 TRANSP runs were made with the important experimental data varied within their uncertainties. The electron density profile2() had an uncertainty of less than f1.5 x 1012 cm-3, the electron temperature21 determined by ECE was assumed to have a one standard deviation uncertainty of 4%, and the value of Zeg had an uncertainty of 10%. A spatially invariant Zejj was assumed in all of the TRANSP runs used in the uncertainty analysis. Figure 4 shows that the neoclassical evolution calculated using the nominal experimental data has no significant difference from the average of the 30 TRANSP calculations. The neoclassical value is also a good match to the measured data within the error bars of the calculation during the ramp down and until about 4.5 sec. After that, the calculation deviates from the measurement until it is three standard deviations away from the data at the end of the pulse. The uncertainty in the relative value of the MSE data is only 0.06" at the end of the pulse, so there is no overlap of the uncertainties of the measurement and calculation. One possible explanation of the discrepancy is that TRANSP is I not calculating the correct magnetic axis. TRANSP calculates a magnetic axis that is 6 cm outboard of the peak in the electron density and temperature profiles at 4.75 sec. A shift of the pitch angle profile by this distance would bring the prediction into agreement with the measurement at that time. The discrepancy in axis location begins to appear at about 4 sec and would explain the appearance of the "knee" in the neoclassical calculation at that time.
IV. Current Penetration at the Beginning of a Discharge
The tokamak plasmas studied for the discharge start up portion of this experiment had plasma currents at steady state, Ip, of 1.0, 1.4, and 1.8 MA and were heated by 4.5 MW of balanced, tangential neutral-beam injection. The evolution of the global parameters are shown in figure 5. Neutral beam injection and MSE measurements began at about 1.5 sec and lasted for 2 seconds, Neutral beam injection began before the plasma current reached the programmed value. It was impossible, at the time of this experiment, to inject the neutral beam any earlier because of power supply limitations and plasma density control interlocks. Also, MSE measurements would have been affected by a varying toroidal field if measurements had been attempted earlier since the toroidal field did not reach full field until 1.5 sec. It should be noted that /$,or e 0.36 for all the discharges studied in this section, thus minimizing any bootstrap currents.
The discharges at Zp = 1.0 and 1.4 MA had energy confinement times less than predicted by Goldston L-mode scaling.26 Sawteeth began at about 2.25 sec in each discharge. There was no other significant MHD activity. The 1.8 MA discharges also had sawteeth, beginning at 1.5 sec. Again, there was no other significant MHD activity. The 1.8 MA discharges had energy confinement times which rose from L-mode at 1.5 sec to about twice L-mode by 3.5 sec.
The pitch angle evolution at two fixed major radii are shown in figures 6 and 7 for the Ip = 1.0 and 1.8 MA discharges, respectively. Figures 6(a) and 7(a) show the data and model predictions for R = 2.62 m, about 0.05 m inside the magnetic axis, while figures 6(c) and 7(c) display the data for R = 2.92 m.
The discharges at I, = 1.0 and 1.4 MA evolved the same way. The plasma was "grown" from the outer limiter so that the geometric axis was at a major radius of 2.59 m at 1.5 sec and reached the final value of 2.56 m at 1.9 sec. The behavior of the pitch angle at each MSE sightline for R I 2.73 is approximately the same: The measured data showed a rapid decrease and then increase between 1.5 and 1.8 sec followed by an evolution of less than 0.1" during the remainder of the measurement [ figure 6(a) ]. A small decrease of less than 0.2" until 1.7 sec followed by a monotonic increase until the end of the measurement was seen at each sightline for 2.83 m I R I 3.24 [figure 6(c)]. The increase was strictly monotonic for R 2 3.00 m. At 1.4 MA, the increase was strictly monotonic for R 2 2.83 m.
Direct comparisons among the two models and the measurements for the I , = 1 .O MA case are made in figures 6(b) and 6(d) where the difference between the TRANSP calculations and the data are shown. There are no substantial differences among the two models and the % data for the R = 2.62 m data shown in figure 6(a). At R = 2.92 m, the pitch angle was measured to change by more than +0.7". In figure 6(d) it can be seen that the classical prediction underestimates the change by 0.2" while the difference between the neoclassical prediction and the data is always less than 0.1 ". This level is consistent with the statistical noise of the MSE measurement.I7 The classical prediction is consistently low by almost 0.2", which is less than the expected uncertainty in the relative calibration at R = 2.92 m.
The pitch angle temporal evolution was very different for the I, = 1.8 MA case as shown in figure 7 . Part of this change was due to a different discharge formation scenario.
The plasma current reached its f i n d value later, compared to the 1.0 MA case (see figure   5) , and the plasma current ramp rate was much faster for the 1.8 MA case. Also, the plasma began at a smaller radius (2.1 m) and its size was increased while the current was increasing which caused faster penetration of the current to the center of the plasma. This was just the opposite of the 1 .O and 1.4 MA plasmas.
For R 5 2.83 m, the pitch angle decreased by one to two degrees between 1.5 and 2.0 sec and then only decreased slightly for the duration of the measurement [see figure   7 (a)]. For R 2 2.92 m, the pitch angle decreased by 0.5" to 0.0" in less than 0.5 sec, and then increased monotonically after 2.0 sec. The maximum change in the measured pitch angle was approximately +1.3" at R = 3.09 m. Comparison of the data with the models is made more explicit in figure 7. At R = 2.62 m in figures 7(a) and 7(b), the neoclassical model tends to predict a larger change than measured by underestimating the pitch angle by up to 0.4". The classical model predicts too little change in pitch angle and so overestimates the pitch angle by up to 0.6". The uncertainty in the relative change is estimated to be less than H.1'. At larger major radii, such as R = 2.92 m in figures 7(c) and 7(d), the classical model predicts no change after 2.0 sec while the data shows a change of +0.8' .
The neoclassical model is much closer to the data and predicts a change of +0.7" after 2.0 sec, but has overestimated the decrease between 1.5 and 2.0 sec.
V. Conclusion
Local, internal, time-resolved measurements of the magnetic field pitch angle using motional-Stark-effect polarimetry were made in low-power neutral-beam-heated discharges in TFTR. It was found that the neoclassical resistivity model was a better description of current penetration than was the classical resistivity model. It is obvious from an analysis of figures 2, 6, and 7, and from the rest of the data which are not shown, that neither the neoclassical nor the classical model correctly predicts the pitch angle evolution during either the current penetration phase of discharge start up or during a rapid current decrease to within the accuracy that this evolution can be measured. However, the calculation using the neoclassical model was always in better agreement than the classical (Spitzer) calculation. In most cases, particularly in the outer half of the plasma, the classical model was grossly incorrect while the neoclassical calculation was within 2 standard deviations of the measurement. Both models had difficulty in the core of the plasma. 
